fertility in vivo, and their sperm are unable to bind to the principle cells of the cauda epididymis. As above, chicken immunoglobulins produced similar localization the egg zona pellucida in vitro without apparent effects on sperm morphology, number, acrosomal status, or (data not shown). These data suggest that SED1 is secreted into the lumen of the caput epididymis, where it motility. Models are proposed to account for the mechanism of action for SED1 during initial gamete adhesion. coats sperm, and excess SED1 is removed by the clear cells of the cauda epididymis as sperm enter the vas deferens.
Results

SED1 Localization on the Sperm Surface
On washed, fixed cauda epididymal sperm, SED1 is Production of Recombinant SED1 restricted to the plasma membrane overlying the acroand Anti-SED1 Antibodies some ( Figure 1E 
, 2001). Preimmune acid (aa) open reading frame encodes an N-terminal 22
IgG produced only background levels of fluorescence aa cleavable signal sequence peptide, two Notch-like (not shown). SED1 localization on the plasma membrane type II EGF repeats (the second of which contains an was confirmed by incubating live, unfixed sperm with RGD motif), and two C-terminal discoidin/C domains anti-SED1 antiserum in suspension (see Figure 6B ). (see Figure 2C insert). Recombinant SED1 was expressed in E. coli as a (His) 6 -fusion protein, purified, and used to immunize rabbits and chickens. The resulting Biological Activity of SED1 anti-SED1 antibodies recognize a single band of ‫85ف‬ Anti-SED1 IgG and Recombinant SED1 Inhibit kDa in sperm and testis lysates (not shown), similar to Sperm-Egg Binding that seen in mouse milk, which is a rich source of the The biological activity of SED1 was initially assessed by SED1 homolog MFG-E8 (Stubbs et al., 1990) ( Figure 1A) . competitive sperm-egg binding assays. Purified antiPreimmune sera failed to produce any reaction. SED1 SED1 IgG produced a dose-dependent inhibition of expressed in insect cells migrated as expected for the sperm binding to the zona pellucida, relative to controls partially glycosylated recombinant protein.
( Figure 2A ). Sperm motility appeared to be unaffected, even at concentrations of 200 g/ml IgG, nor was there any evidence of antibody-mediated sperm agglutination Immunocytochemical Localization of SED1 in the Male Genital Tract that could account for the inhibition of sperm-egg binding. Preimmune IgG had no significant effect on spermTestis Immunolocalization SED1 immunoreactivity localizes to the Golgi apparatus egg binding at concentrations from 50-200 g/ml. As expected, the original rabbit anti-SED1 antiserum also of developing spermatogenic cells ( Figures 1B and 1C) . SED1 immunoreactivity could be attributed to the Golgi, produced a dose-dependent inhibition of sperm-egg binding, whereas preimmune serum did not (not shown). as opposed to the developing acrosome, due to the characteristic morphology of the Golgi that wraps To determine if SED1 itself could inhibit sperm binding to the egg, recombinant SED1 was produced in two around the developing acrosomal vesicle. The acrosome has a characteristic clear vacuolar appearance different expression systems, purified, and added individually to sperm-egg binding assays. Recombinant containing the acrosomal granule and is devoid of SED1 immunoreactivity. The localization of SED1 to the Golgi SED1, expressed either in bacteria as a (His) 6 -fusion protein or in insect cells as a GST-fusion protein, comsuggests that it is secreted to the sperm surface, consistent with the presence of a cleavable signal sequence petitively inhibited sperm binding to the egg coat in a dose-dependent manner ( Figure 2B ). Pretreatment of peptide (Stubbs et al., 1990) . There is some SED1 immunoreactivity in what appears to be Sertoli cells, as well as either recombinant protein with Proteinase K destroyed its biological activity (not shown). The two recombinant some interstitial cells between the seminiferous tubules (not shown), the functional significance of which is unproteins had similar biological activities when normalized for differences in their molecular weight (MW), sugclear. Parallel studies using antibodies isolated from rabbit serum or chicken eggs produced similar immunogesting that the N-terminal tags, i.e., GST and (His) 6 , did not contribute to biological activity, nor did any postlocalization (not shown). Preimmune rabbit (or chicken) immunoglobulins produced only background levels of translational processing. SED1 Function Requires a Discoidin/C Domain staining (Figure 1 ).
Epididymal Immunolocalization
The SED1 ). An RGD motif located within the they are exposed to SED1 secreted from the principle, or secretory, cells of the epididymal epithelium, which second EGF domain has been suggested to mediate integrin-dependent binding to cells, whereas the discoiare the predominant immunoreactive cells of the male reproductive tract ( Figure 1D ). Subsequent portions of din/C domains are thought to bind negatively charged headgroups on membranes as well as to extracellular the epididymal epithelium show low levels of immunoreactivity, although the sperm remain immunoreactive. As matrix components. To determine which, if either, of these domains is responsible for SED1 biological activity sperm exit the epididymis, SED1 immunoreactivity is high in clear cells of the cauda epididymis, which are during gamete adhesion, different (His) 6 -fusion proteins were tested for activity in sperm-egg binding assays responsible for absorption of excess secretion products (Robaire and Hermo, 1994). A lower level of immunore-( Figure 2C ). Intact (His) 6 -SED1 containing both EGF repeats and activity is found associated with the apical surface of both discoidin/C domains (EECC) inhibited sperm-egg sperm. Recombinant SED1 was conjugated to 0.2 m fluorescent beads and added to sperm isolated from binding, as did truncated forms of SED1 (EEC, ECC, EC, CC). Furthermore, the intact and truncated SED1 the caput and cauda (Ϯcapacitation) epididymis. RAD peptide was used as control (Buckley et al., 1999) . In proteins produced similar levels of inhibition, at constant molar ratios, as long as one discoidin/C domain was no instance did RGD peptide produce any specific inhibition of SED1 binding to sperm when assayed at 1-10 present ( Figure 2C ). Thus, EGF domains are not required for competitive inhibition of sperm-egg binding, implimM ( Figure 2D ). We were unable to assay the biological activity of the isolated EGF domains, since repeated cating the discoidin/C domains in mediating SED1 binding to gamete surfaces. This possibility is consistent attempts to express the EGF domains as truncated recombinant proteins (EE) failed despite being cloned into with structural and biochemical data, indicating that the discoidin/C domains are able to bind a variety of molecuthree different fusion constructs (i. length SED1, as well as SED1 truncated proteins, can higher binding than did constructs with only one discoidin/C domain (compare EECC and ECC versus EEC and bind directly to the zona pellucida by assaying (1) the binding of SED1-conjugated beads to intact zona pellu-EC, Figure 3B ). However, the nature of the assay prevented strict quantification of the binding affinities for cida, and (2) the binding of recombinant SED1 to distinct zona pellucida glycoproteins resolved by SDS-PAGE. the different truncated constructs. In any event, these results further implicate the discoidin/C domains in me-SED1-conjugated 1 m fluorescent beads were added to droplets containing three sources of zona peldiating attachment to the gamete surfaces. Consistent with this, the addition of RGD or RAD peptides had lucida: zona pellucida fragments isolated from ovaries; intact, unfertilized ovulated oocytes; and two-cell emno effect on SED1 binding to unfertilized oocytes (not shown). As expected, WGA beads bound to unfertilized bryos. Any nonadherent beads were removed by washing. SED1-conjugated fluorescent beads bound directly zona pellucida similar to SED1 beads, whereas control beads bound at background levels. Controls included to the zona pellucida of unfertilized oocytes, as well as to zona fragments isolated from ovaries (not shown), but unconjugated beads, as well as beads conjugated with Ulex europaeus agglutinin-1 (UEA1) lectin, BSA, or cytonot to the zona pellucida of fertilized two-cell embryos ( Figure 3A ). Beads conjugated with truncated forms of chrome C (data shown for UEA1-lectin, Figure 4C ). To determine which of the three zona glycoproteins SED1 also bound to the oocyte zona pellucida, with constructs containing two discoidin/C domains showing could serve as the putative ligand for SED1, ovarian function more directly, the effects of targeted mutations attributed directly to the reduced fertility of the SED1 null males rather than reduced female fertility; i.e., matings in SED1 were analyzed on fertility and sperm-egg binding in vitro.
between SED1 null males and wild-type females produced small litters (4.0 Ϯ 0.41 pups/litter, 31 litters, p Ͻ Creation of SED1 Null Mice Two independent lines of SED1 null mice were created 0.001), whereas SED1 null females mated to wild-type males generated near normal litter sizes (7.7 Ϯ 0.44 as described in the Experimental Procedures (Figure 4) . The deletion of the SED1 transcript in homozygous null pups/litter, 26 litters, p ϭ 0.23). Both independent lines of SED1 null mice produced nearly identical average mice was confirmed by RT-PCR of testicular cDNA using primers specific for the EGF domains (exons 2/3) and litter sizes, which could be attributed to the male parent (data not shown) ( Figure 5A ). the discoidin/C domains (exons 7/8); primers specific for ␤1-integrin served as control ( Figure 4D 6A and 6C ). The reduced fertility of SED1 males is consistent with the function of SED1 in sperm-egg binding. We therefore
In addition, the binding of GalT1 null sperm to the zona is inhibited by anti-SED1 IgG (33% of control binding at compared the ability of sperm from wild-type and SED1 null males to bind the zona pellucida in vitro. Sperm 200 g/ml versus 91% for preimmune IgG), recombinant SED1 (27% of control at 6 g/ml), and the EEC truncated isolated from each SED1 null cauda epididymis was assayed separately, rather than pooled as is normally protein (21% of control at 3.8 g/ml). Thus, the expression and function of GalT I and SED1 are independent done with wild-type sperm, in case there were differences between the two cauda. SED1 null sperm bound of one another, consistent with their having distinct roles during sperm-egg binding. to the zona pellucida at levels close to background, i.e., 
teria or insect cells, competitively inhibits sperm-egg
Independent of its zona binding specificity, the function of SED1 during fertilization was directly tested by binding, as do anti-SED1 antibodies. The biological activity of SED1 requires the discoidin/C domains, which creating SED1 null mice and analyzing their fertility. All SED1 null males produced smaller litters than controls, appear to be responsible for SED1 attachment to the sperm membrane and to the zona pellucida matrix. Dialthough the average litter size per male varied considerably, ranging from no pups born (apparent sterility) to rect binding of SED1 to the zona pellucida of unfertilized, but not fertilized, eggs is consistent with its role in sperm litter sizes approaching the lower limit of normal. This variability is most likely due to genetic factors segregatbinding, and immunoblot overlay assays suggest that SED1 recognizes the ZP2 and ZP3 glycoprotein families.
ing on the mosaic 129/B6 background as was shown to be the case for at least two other targeted mutations Given the ability of discoidin/C domains to bind complex carbohydrates matrices ( 10% polyacrylamide gels and transferred onto Immobilon-P membranes (Millipore) as above. The membranes were blocked in TBST washed three times in PBS, and mounted on polylysine-coated slides. Sperm were fixed at Ϫ20ЊC in methanol for 10 min, rinsed, containing 2% BSA for 1 hr at 25ЊC. Subsequently, membranes were incubated with either (His) 6 -SED1, biotinylated (His) 6 -SED1, SED1 and blocked for 1 hr in PBS containing 5% normal goat serum (PBS/NGS). Slides were incubated with rabbit anti-SED1 sera (1:100 prepared from COS-7 cells, or biotinylated WGA-lectin (positive control) for 1 hr at 25ЊC and washed three times for 10 min in TBST, dilution) in PBS/NGS for 1 hr at 25ЊC, washed, and incubated with FITC labeled goat anti-rabbit antibodies (1:2,000) (Zymed) for 45 followed by incubation with either rabbit anti-SED1 and goat antirabbit-HRP, or Streptavidin-HRP (Zymed). The membranes were min at 25ЊC. After washing, the slides were mounted in PBS with 70% glycerol and examined under a Nikon E800 microscope. For washed, developed, and exposed to film as above. analysis of live sperm, 100 l of washed sperm (5 ϫ 10 6 sperm/ml) in PBS, 0.25% BSA were mixed with antiserum against SED1, GalT
Creation of SED1 Null Mice I, or preimmune serum (1:50 final dilution) and incubated for 30 Two BAC clones were identified that contained the SED1 gene by min at 25ЊC. The sperm suspension was washed free of excess screening a commercial 129/Sv ES cell mouse BAC library (Genome antiserum by layering onto 1 ml of PBS, 3% BSA, and centrifuged Systems) with PCR primers corresponding to exon 2 and exon 3. at 600 ϫ g for 5 min at 25ЊC. The sperm suspension was mixed with A 9 kb EcoRI fragment containing the SED1 coding region was Fab fragments of goat anti-rabbit (1:1000 final, Alexa Fluor 594, subcloned into the bluescript vector KSϩ ( Figure 4A ). The first loxP Molecular Probes), or goat anti-rabbit-FITC (Zymed), for 30 min at site, as well as the neo cassette and two frt sites, were inserted 140 25ЊC in the dark, and washed as described above. The sperm were bp upstream of the ATG start signal, leaving 1.45 kb of 5Ј sequences. fixed in 1% paraformaldehyde for 10 min and viewed under a Nikon
The second loxP site was inserted 160 bp downstream of the signal E800 microscope. Controls were prepared by substituting the pripeptide. At the 3Ј end, the target vector was shortened by 1.5 kb. mary antibody with preimmune serum and nonspecific rabbit IgGs.
An additional EcoRI site was introduced into the SED1 gene to create diagnostic restriction sites for identifying the targeted allele ( Figure 4A ). 
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